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A 9-month  program  was  conducted  to  develop  improved  30mm  GAU-8  rifling  and 
deliver  test  barrels  to  the  Air  Force  which  Incorporated  the  new  rifling  designs] 
Gain  twist  rifling  was  designed.  TN*o  rifling  groove  configurations,  modified 
conventional  and  sawtooth, were  designed  based  on  thermal  analysis,  rotating 
band  engraving  considerations  and  FINE  code  analysis.  Two  30n*n  GAU-8  barrels 
with  modified  conventional  gain  twist  rifling  and  two  barrels  with  sawtooth 
gain  twist  rifling  were  fabricated  and  delivered  to  the  Air  Force. 
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SUMMARY 


The  objective  ot  the  program  was  to  design  improved  30mm  GAll-8  rilling  and 
to  fabricate  test  barrels  incorporating  the  new  rifling  design  for  delivery 
to  the  Air  Force. 

A detailed  analysis  of  rifling  twist  was  performed,  and  a gain  twist  design 
was  selected  over  the  presently  used  constant  twist  to  minimize  stresses  on 
the  projectile  rotating  hand. 

Two  basic  types  of  rifling  groove  configurations  were  also  analyzed,  l.e., 
modified  conventional  and  sawtooth.  Thermal  analyses,  band  engraving  analyse 
and  FINK  code  analyses  were  employed  to  optimize  the  number  of  lands  and 
grooves  as  well  as  groove  shape.  Both  configurations  were  finally  selected 
to  include  24  lands  and  grooves.  The  designs  selected  are  shown  in  Figure  5 
of  this  report. 

Four  GAU-3  barrels  were  fabricated  utilizing  production  barrel  blanks  and 
processing  techniques  except  for  the  specified  rifling.  Gain  twist  rifling 
was  utilized  and  two  barrels  were  fabricated  with  modified  conventional  and 
two  with  sawtooth  configurations.  No  difficulty  was  experienced  in  utilizing 
the  rifling  tooling  developed  for  the  two  configurations.  The  barrels  were 
finish  machined,  proof  fired,  and  delivered  to  the  Air  Force. 
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(DUX!)  was  the  program  manager  for  the  Armament  Laboratory. 
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SECTION  1 


INTRODUCTION 


The  use  of  plastic  rotating  bands  on  medium  caliber  projectiles  shows  a signi- 
ficant potential  for  reducing  barrel  erosion  and  improving  ballistic  perfor- 
mance. Although  considerable  effort  has  been  expended  on  plastic  band  devel- 
opment, performance  difficulties,  primarily  involving  band  integrity  still 
exist. 


As  demonstrated  in  the  Optimim  Rifling  Configuration  for  Plastic  Rotating 
Bands  Programs,  Contracts  F08635-75-C-0041  and  F08635-76-C-0204 , rifling  twist 
configuration  and  rifling  land  profiles  can  be  modified  to  reduce  peak  torque 
levels  and  improve  distribution  of  torque  induced  stresses  within  the  hand 
material  and  at  the  driving  interface  with  the  projectile.  Gain  twist  type 
rifling  can  reduce  peak  torques  by  approximately  50  percent  and  can  be  pro- 
filed to  minimise  torque  at  the  entrance  cone,  thus  improving  band  surviva- 
bility during  the  engraving  process,  particularly  with  worn  or  hot  barrels. 

Additional  improvements  have  been  demonstrated  with  sawtooth  and  modified 
conventional  rifling  profiles  in  20mm  barrels.  These  improvements  include 
generally  lower  failure  rates  of  highly  stressed  driving  hands  under  constant 
test  conditions.  In  addition,  sawtooth  rifling  offers  the  capability  of  fir- 
ing bands  of  significantly  greater  diameter  than  could  be  fired  in  a conven- 
tionally rifled  barrel  which  provides  better  obturation  and  more  uniform 
ballistic  performance  under  worn  and  hot  barrel  conditions.  The  combination 
of  gain  twist  and  sawtooth  or  modified  conventional  rifling  profiles  for  the 
GAU-8  weapon  will  potentially  eliminate  or  significantly  reduce  rotating  band 
failures . 

In  June  1476  the  Air  Force  awarded  Contract  F08635-76-C-0284  with  the  objective 
of  developing  improved  rifling  for  30mm  GAU-8  gun  barrels.  Hie  GAU-8  gun 
system  currently  uses  gun  barrels  which  have  constant  twist  rifling,  and  fires 
projectiles  with  plastic  rotating  hands.  Some  problems  have  been  encountered 
with  projectile  Instabilities,  possibly  attributable  to  the  rifling  design. 

Tills  program  involved  designing  improved  rifling  and  fabricating  test  barrels 
incorporating  two  new  rifling  designs  for  delivery  to  the  Air  Force. 

Tliis  final  report  documents  the  work  performed  on  this  contract.  Sections  II 
and  III  present  details  of  the  design  and  analysis  woi  k and  discuss  barrel 
fabrication.  Conclusions  and  recommendations  are  presented  in  Section  IV. 
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SUCTION  II 


DKSIGN  AND  ANALYSIS 


2.1  BACKGROUND  DATA 


Input  design  and  interior  ballistics  data  supplied  by  the  Air  Force  to  be  used 
in  this  analysis  included: 

• G.E.  Drawings:  201F1S8  Barrel,  JOmm 

and 

2O1F40O  Cartridge  - Gun  Interface,  30nmi 

• A representative  internal  ballistics  computer  run 
(Appendix  I) 

• Limited  descriptive  information  concerning  the  overall  configu- 
ration of  the  two  candidate  plastic  bands  (Figures  1 and  23 

A review  of  existing  chamber  dimensions  and  plating  spec  i f icati  ous  was  nude 
to  evaluate  the  design  freedom  available  for  modification  of  the  rifling.  It 
was  concluded  that  the  maximum  groove  diameter  that  could  be  obtained  without 
grooving  the  chamber  in  the  vicinity  of  the  band  relief  was  1,218  Inches  if 
the  current  plating  specifications  for  chamber  and  bore  were  to  be  retained. 
Somewhat  larger  groove  diameters  were  included  in  the  parametric  studies, 
however,  to  determine  if  a signlt leant  influence  of  bore  diameter  on  band  per- 
formance might  warrent  revision  of  the  chamber  design  or  plating  sped  fications 

The  statement  of  work  required  the  development  of  two  rifling  designs,  one 
based  upon  the  sawtooth  rifling  protile,  and  the  second  configuration  based 
upon  the  modified  conventional  profile,  which  were  developed  and  tested  in 
20mm  caliber  under  Contracts  F0863  W5-C-0041  and  F08635-76-C-0204 . The  modi-  . 
fled  conventional  profile  differs  from  conventional  rifling  primarily  by 
larger  root  fillets,  more  lands  and  narrower  land  width.  Both  rifling  designs 
were  to  Incorporate  a gain  twist. 

2.2  RIFLING  TWIST  ANALYSIS 


A program  was  written  to  evaluate  torque  distance  profiles  for  constant  twist, 
gain  twist,  and  increasing  gain  twist  rifling.  The  computations  were  made  for 
gain  twist  profiles  following  short  zero  twist  entrance  sections  of  0 to 
4.8  Inches.  This  zero  twist  section  is  included  to  reduce  the  initial  torque 
impact  in  event  of  entrance  cone  erosion.  Based  upon  comments  from  Kglin  AFB, 
the  erosion  obtained  using  plastic  driving  bauds  is  very  small  so  inclusion 
of  the  zero  twist  section  may  be  quite  conservative.  A 3-inch  zero  twist 
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Figure  2.  Plastic  Band  Candidate  II 


section  was  included  at  small  penalty  to  peak  torque  required  (approximately 

3 percent).  Also,  a constant  twist  exit  section  at  the  muzzle  was  included 
to  minimize  projectile  tip-off  in  event  of  muzzle  end  rifling  damage  or 
partial  driving  band  failure.  Muzzle  exit  torque  is  reduced  by  a factor  of 

4 from  that  obtained  with  retaining  gain,  twist  to  the  exit. 

Prior  analyses  have  been  concerned  with  the  wiping  action  of  gain  twist  rifling 
configurations  on  the  engraved  band.  A 9.9-degree  gain  twist  has  the  effect 
of  wiping  0.120  inch  in  a band  length  of  0.7  inch.  This  is  equivalent  to  a 
12.5-degree  shear  of  one  end  of  the  driving  band.  The  interior  ballistics 
data  used  for  the  final  rifling  study  are  contained  in  Table  1.  Projectile 
dimensional  and  mass  properties  data  were  supplied  by  Eglin  AFB  and  are  sum- 
marized in  Table  2. 


The  torque  histories  are  computed  using: 


M .2 


where 


tan  0 


dx 


-21 


P tt  r 


+ tan  6X 


M 

is 

k 

is 

r 

is 

ux 

is 

°x 

is 

X 

is 

Px 

is 

projectlle  mass 

the  radius  of  gyration 

projectile  radius 

instantaneous  velocity  of  projectile 
twist  angle  at  station  x 
distance  from  projectile  rest  position 
barrel  pressure  at  projectile 


Tills  assumes  a rigid  driving  band.  For  the  case  of  exponential  gain  twist 
rifling  following  a straight  entrance  section  this  equation  predicts  infinite 
torque  at  the  transition  to  gain  twist  for  exponents  less  than  2.0.  This  is 
primarily  a mathematical  problem  in  that  the  actual  displacements  (y)  are 
infinitesimal  and  with  a compliant  driving  band  these  torques  cannot  be  devel- 
oped in  real  life.  Referring  to  Figure  3,  the  minimum  in  the  predicted  torque 
curve  for  the  gain  twist  profile  occurs  at  x ■ 3.6  inches.  The  y displacement 
at  this  station  is  only  0.003  inch.  At  x stations  between  3.0  and  3.2  inches 
where  the  computed  torque  exceeds  1200  ln-lb,  the  displacements  are  less 
than  0.0005  inch.  Alternate  transition  sections  that  would  theoretically 
limit  the  entrance  torque  have  also  been  explored.  The  approach  was  to  select 
a twist  curvature  based  upon  a constant  d^y/dx2  and  blend  into  the  exponential 
gain  twist  profile.  Figure  3 Indicates  the  torque  profile  that  can  be  devel- 
oped using  this  technique.  The  transition  section  would  extend  over  1.6  Inches 
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TABLE  1.  30MM  INTERIOR  BALLISTICS  DATA 


Time 

(Sec) 

Projectile  Base 
Pressure 
(Psi) 

Projectile 

Velocity 

(Fps) 

Travel 

(In.) 

0.00120 

5 2 9 78.7 

766.13 

2.235 

0.00125 

53940.8 

866.93 

2.724 

0.00130 

54  0 76.9 

968.37 

3.275 

0.00135 

53498.9 

1069.03 

3.886 

0.00140 

52348.0 

1167.77 

4.557 

0.00150 

48909.5 

1356.31 

6.073 

0.00160 

44767.2 

1530.01 

7.806 

0.00170 

40  5 78.8 

1687.88 

9.739 

0.00180 

36682.2 

1830.62 

11.851 

0.00190 

33181.5 

1959.61 

14.126 

0.00200 

30090.7 

2076 .40 

16.549 

0.00210 

27396.0 

2182.48 

19.105 

0.00230 

22984.4 

2376.87 

24.572 

0.00250 

19571.7 

2524.40 

30.448 

0.00270 

16912.2 

2658.52 

36.671 

0.00290 

13857.7 

2771.73 

43.192 

0.00310 

11374.0 

2863.44 

49.958 

0.00330 

9536.6 

2939.32 

56.924 

0.00370 

7048.3 

3058.08 

71.333 

0.00405 

5640.9 

3137.40 

84.350 

TABLE  2.  PROJECTILE 

characteristics 

Weight 

5600  Grains 

Axial  Inertia 

0.1542  lb/in2 

Base  Diameter 

1.184  in. 
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of  travel  and  blonds  into  the  Rain  twist  profile  at  a y displacement  oi 
0 .00 ■>  inch.  This  transition  is  not  implemented  in  the  selected  profile, 
however . 

Figure  4 defines  the  torque/travel  characteristics  for  c >nstant  twist  and 
exponential  gain  twist  profiles  varying  the  exponent  from  1.55  to  1.625.  In 
all  cases  the  exit  twist  angle  is  9.9  degrees  (equivalent  to  the  current 
GAU-8  design).  The  effect  of  varying  the  gain  twist  exponent  is  seen  to  be 
the  shift  of  torque  impulse  from  the  first  third  of  projectile  travel  into 
the  remaining  two-thirds.  An  exponent  of  1.625  is  typically  used  in  gain 
twist  rifling  as  a reasonable  compromise  of  initial  torque  level  in  the  breech 
region  where  thermal  growth  and  wear  are  greatest  and  final  torque  where  band 
wear  and  deformation  due  to  rifling  angle  change  are  greatest.  Based  upon 
the  results  of  Figure  4 there  is  no  substantial  reason  to  change  from  a 
1.625  exponent. 

The  effect  of  increasing  the  length  of  zero  twist  section  at  barrel  entrance 
was  also  explored  briefly.  For  a 4. B- inch  zero  twist  length  versus  3 inches 
the  increase  in  torque  in  the  first  several  Inches  of  gain  twist  section  was 
about  6 percent  reducing  to  a 2 percent  penalty  at  the  muzzle.  Typical  prac- 
tice is  to  use  0 to  3 calibers  of  zero  twist  prior  to  the  gain  twist  section. 
The  selected  3-inch  section  is  approximately  2.5  calibers.  The  selected 
twist  configuration  is  summarized  in  Figures  5 and  6. 

2.3  RIFLING  PROFILE  ANALYSIS 

2.3.1  THERMAL  ANALYSIS 

The  limited  thermal  analysis  was  directed  at  establishing  that  the  modified 
rifling  configurations  would  not  result  in  more  severe  land  surface  tempera- 
tures under  rapid  fire  conditions  than  the  existing  GAU-8  rifling  configur- 
ation. Also,  an  evaluation  of  barrel  surface  and  bulk  temperature  at 
three  barrel  stations  was  made  to  evaluate  if  there  was  a substantial  barrel 
thermal  growth  gradient  towards  the  muzzle  end  which  could  affect  obturation 
of  plastic  bands  under  hot  barrel  conditions. 

The  land  surface  temperature  comparison  was  performed  using  a two  dimensional 
model  of  radial  segments  of  the  barrel  evaluated  at  a station  1.5  inches 
beyond  the  start  of  rifling.  Three  section  protiles  were  modeled,  the 
current  20  land  GAU-8  configuration  excluding  root  fillets  anti  two  sawtooth 
conf iguration8  with  land  widths  of  0.049  and  0.040  inch  and  an  0.020  root 
fillet  radius.  It  was  concluded  that  the  modified  configurations  also  pro- 
vided adequate  modeling  of  the  modified  conventional  rifling  for  thermal 
evaluation  and  conclusions  are,  therefore,  also  drawn  concerning  the  selected 
modified  conventional  configuration. 

The  lumped  parameter  nodal  matrices  used  in  the  analysis  of  two  oi  the  cases 
are  shown  in  Figures  7 and  B.  These  cases  are  the  20  land  and  groove  con- 
ventional and  sawtooth  rifling  shapes  and  are  modeled  as  radial  segments  of 
barrel.  One-half  of  the  conventional  land/groove  configuration  is  modeled 
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Figure  8.  Two  Dinens 


because  of  the  symmetry  of  this  configuration.  It  was  also  decided  to  model 
only  the  critical  driving  face  side  of  the  modified  rifling  configuration 
knowing  that  the  driving  side  land  edge  would  he  the  critical  thermal  point 
and  that  circumferential  heat  transfer  along  the  land  surface  would  not  have 
a large  effect.  Hi i s decision  was  made  to  reduce  the  computational  time  and 
expense  required  to  evaluate  the  thermal  response  under  hurst  t iring  yet 
retaining  a sufficient  number  of  nodes. 

Surface  temperature  histories  were  computed  using  internal  convective  heating 
parameters  derived  from  prior  Aerom.tronic  work  with  the  GAU-8A  weapon  system. 
Convective  heating  inputs  were  based  on  Aoronutronie 1 s 30mn  GAU-8/A  engineer- 
ing model  propellant.  The  grain  design  was  a variable  web  thickness,  2-layer 
deterred  configuration.  Gas  temperatures  and  convective  heat  transfer  coeffi- 
cients for  this  ammunition  were  computed  with  the  Aeronutronic  Interior 
Ballistics  Code,  ATB-4.  The  predicted  chamber  pressure  history  from  this 
code  indicated  a close  agreement  with  test  measurements  from  the  GAU-S/A 
development  program. 

Figure  9 shows  the  peak  surface  temperatures  on  the  land  and  groove  surfaces 
as  computed  for  the  t irst  round  in  a hurst.  Tin*  critical  location  is,  of 
course,  the  edge  of  the  land.  The  peak  temperature  during  the  round  and 
residual  temperature  at  the  time  the  next  round  is  ignited  .no  plotted  as  a 
function  of  round  number  in  Figure  9.  Comparison  of  these  temperature 
histories  indicated  that  the  narrower  land  configurations  used  tor  both  the 
sawtooth  and  modified  conventional  r ifltng  will  experience  no  worst'  peak  or 
residual  surface  temperatures  than  conventional  land  configurations  because 
of  the  generous  root  fillet  used  which  improves  the  heat  sinking  path  fot  the 
steep  driving  side  of  the  land.  It  was  also  concluded,  based  upon  the  dec  idl'd 
leveling  trend  of  peak  surface  temperature  beyond  the  fourth  round,  that  no 
further  significant  Information  would  be  gained  bv  extending  the  detailed  two 
dimensional  analysis  further  into  tire  burst.  The  simplified  modeling  of  one- 
half  of  the  sawtooth  land  Is  conservative  for  that  land  cent igurat  ion  because 
the  trailing  side  of  the  land  has  a significantly  reduced  exposed  surface  to 
mass  ratio.  The  model  provides  nearly  an  exact  evaluation  of  tire  modified 
conventional  rifling  configuration,  however,  differing  only  itr  the  shape  ot 
the  groove  beyond  the  large  fillet  radius.  Therefore,  it  Is  a justified  con- 
clusion that  the  narrower  modified  conventional  land  will  also  maintain  peak 
and  residual  land  edge  temperatures  that  are  comparable  to  the  conventional 
0.080  inch  land  width  as  long  as  the  generous  0.020  inch  root  fillet  is  used. 

It  should  be  noted  that  a land  edge  radius  or  chamfer  was  not  used  itr  this 
comparative  analysis.  At  the  time  this  work  was  performed,  there  was  uncer- 
tainty concerning  the  feasibility  of  achieving  a controlled  radius  or  chamfer 
otr  the  land  and  it  was  concluded  that  a valid  comparative  analysis  could  he 
obtained  by  uniformly  ignoring  this  feature.  It  is  instructive  to  consider 
the  very  high  thermal  gradients  that  exist  at  the  land  edge,  however.  It  is 
clear  that  introducing  a 0.005  to  0.010  inch  chamfer  or  radius  on  the  edge 
will  be  very  effective  in  reducing  the  local  surface  to  mass  ratio  and  the 
attending  peak  land  edge  temperature. 
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A one  dimensional  barrel  heating  analysis  was  used  to  extend  our  estimate  of 
residual  bore  and  barrel  bulk  temperature  for  the  worst  case  firing  schedule 
provided  by  the  Air  Force.  This  firing  schedule  is  10  2-second  bursts  (about 
125  rounds  or  18  rounds  per  barrel  per  burst)  with  a one-minute  cool-down 
between  bursts. 

The  analysis  was  performed  for  three  barrel  stations  to  evaluate  potential 
differences  in  thermal  growth  due  to  variations  in  barrel  bulk  temperature 
along  the  length.  Figure  11  shows  the  computed  trends,  indicating  that  peak 
residual  bore  temperatures  are  located  toward  the  breech  but  that  the  muzzle 
experiences  slightly  higher  bulk  temperatures  and,  therefore,  thermal  growth. 
Comparison  of  the  magnitude  of  the  temperature  difference  indicates  that  the 
differential  thermal  growth  of  the  bore  diameter  is  only  of  the  order  of 
0.002  to  0.003  inch  breech  to  muzzle.  Elastic  spring-back  of  the  very  highly 
compressed  driving  band  should  readily  accommodate  this  small  change  in 
effective  bore  diameter. 

2.3.2  BAND  ENGRAVING  CONSIDERATIONS 

Review  of  the  conventional  GAU-8A  rifling  and  candidate  driving  band  configu- 
rations has  indicated  that  the  interference  ratios,  defined  ns: 

= band  diameter  - average  bore  diameter 
average  bore  diameter 

were  significantly  larger  than  used  in  the  20mm  plastic  band  optimization 
program  or  in  Aeronutronic 's  experience  in  prior  programs  with  the  GAU-7  and 
GAU-8.  It  was  assumed  that  these  high  interference  designs  were  used  because 
of  some  helpful  interaction  with  the  mechanical  retention  and  torque  trans- 
mission interface  between  the  band  and  projectile.  An  attempt  was  made, 
however,  to  evaluate  the  relative  engraving  pressure  levels  and  to  evaluate 
the  tendency  of  the  band  to  extrude  longitudinally  during  the  engraving 
process . 

The  initial  effort  was  analytical  using  the  theoretical  equations  to  evaluate 
the  pressures  exerted  on  the  band.  These  engraving  pressure  equations  are 
recognized  to  be  unverified  for  use  with  plastic  band  materials  but  were  used 
to  get  a feel  for  the  relative  engraving  loads  for  the  two  candidate  band 
configurations  and  how  these  loads  might  vary  with  rifling  configuration. 

The  engraving  pressure  P is  normalized  by  the  yield  stress  of  the  band  material 
and  related  to  key  rifling  and  band  physical  dimensions  using  the  equation: 

w 

P 2 L L 

y 3 WL  + WG  2 3 t 
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whore: 


Wj  is  the  rifling  land  width 

W is  the  groove  width 

1.  is  the  final  extruded  band  length 
t is  the  average  hand  thickness 

In  this  case  it  is  difficult  to  define  wh.U  hand  thickness  to  use  because 
the  extruded  material  extends  beyond  the  band  seat.  For  this  comparative 
analysis  the  thickness  was  assumed  to  be  the  difference  between  the  mean 
bore  radius  and  the  projectile  radius  over  which  the  material  was  extruded. 

Figures  12  and  13  Indicate  the  variation  of  the  mean  bore  diameter  for  a 
range  of  sawtooth  and  modified  conventional  rifling  parameters.  For  refer- 
ence the  mean  bore  diameter  of  the  current  GAU-8  rifling  design  with  20  lands 
and  grooves  Is  1.208  inches.  These  data  relate  directly  to  the  subsequent 
computation  of  relative  engraving  pressure  primarily  through  the  influence  on 
the  final  extruded  length  and  thickness  of  the  driving  band;  that  is,  small 
mean  bore  diameters  yi£ld  high  relative  engraving  pressures.  These  pressure 
trends  are  shown  for  both  rifling  types  and  band  candidates  in  Figures  ll» , 15 
and  l6.  Comparing  the  data  from  these  figures  and  relating  to  P/y  studies 
from  the  20mm  rifling  optimization  study  leads  to  the  following  observations: 

• Hie  P/y  levels  are  much  higher  than  those  experienced  with  the 
20mm  configuration  (two  to  10  times  greater). 

• The  long  driving  band  experiences  signficontly  higher  extrusion 
stresses  even  though  the  band  diameter  is  0.010  inch  less  than 
the  diameter  of  the  narrow  bands  of  the  other  candidate.  This 
could  be  a particular  problem  for  cold  soak  temperatures. 

• Increasing  the  number  of  lands  and  grooves  should  be  accompanied 
by  increases  in  groove  depth  or  reductions  in  land  width  to 
preclude  excessive  band  extrusion. 

Referring  to  Figure#  12  and  13  mean  bore  diameters  in  the  region  of  1.21  to 
1.212  were  considered  desirable. 

2.3.3  FINE  CODE  ANALYSES 

Finite  element  stiuctural  analysis  has  proven  to  be  an  effective  tool  for 
evaluation  of  alternate  rifling  configurations.  Analysis  of  the  plastic 
rotating  band  indicates  the  magnitude  of  induced  stress  in  critical  areas 
which  typically  are  located  at  the  driving  interface  witli  the  land  and  the 
torque  transmitting  interface  with  the  projectile.  Barrel  stress  analysis 
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Figure  12.  Variation  of  Mean  Bore  Diameter  with 
Rifling  Parameters  - Sawtooth 
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Figure  13.  Variation  of  Mean  Boro  Diameter  with 
Rifling  Parameters  - Modified  Conventional 
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Figure  16.  Relative  Hand  Engraving  Pressure  Modified  Convent  Ions l Rifling 
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is  directed  at  evaluating  stress  concenbrati  on  effects  generated  by  the  land 
and  groove  profile  when  the  barrel  is  subject  to  the  combined  effects  of 
pressurization  and  torque  loading. 

The  prior  application  of  the  Aeronutronic  FIwK  computer  code  for  rifling 
stress  analysis  considered  arbitrary  uniform  and  triangular  torque  pressure 
distributions  on  the  driving  surface  of  the  land  and  band.  A plane  strain 
analysis,  which  models  the  band  as  an  infinite  cylindrical  segment  was  selec- 
ted as  providing  meaningful  comparative  results  yet  avoiding  the  gross  com- 
plexity of  full  three  dimensional  simulation. 

The  first  task  undertaken  in  this  program  was  to  establish  a realistic  torque 
loading  profile  for  the  lands.  Hits  was  accomplished  through  use  of  an  alter- 
nate modeling  technique  illustrated  in  Figure  17.  Prior  analyses  considered 
the  band  to  be  constrained  at  the  projectile  interface  and  loaded  at  the  land 
driving  surface  by  the  arbitrary  pressure  distribution.  11  le  alternate  loading 
as sium's  a radial  constraint  only  at  the  band  interlace  with  the  projectile 
and  adds  a distributed  uniform  torque  load  at  the  interface  equal  to  the 
required  peak  spin-up  torque.  Hie  driving  lace  of  the  engraved  baud  surface 
was  then  assumed  to  he  bounded  by  radial  constraints  and  the  resultant  stresses 
In  the  tooth  surface  region  analyzed  to  evaluate  the  Induced  surface  pressure 
profile . 

Figure  18  depicts  tooth  surface  pressure  profiles  derived  from  extrapolation 
of  element'll  stress  profiles  out  to  the  tooth  surface.  One  curve  is  based 
upon  extrapolation  of  the  RSS  of  hoop  and  radial  stress  components  and  the 
other  based  upon  the  minimum  stress  component  which  is  basically  the  magnitude 
of  the  compressive  stress.  The  extrapolation  was  based  upon  cross  plots  of 
these  stress  components  versus  distance  from  the  surface  for  constant  "J"  in 
the  mesh  matrix  as  Illustrated  in  Figure  17.  Based  upon  the  results  of  Fig- 
ure 18  it  was  concluded  that  a truncated  triangular  torque  pressure  distribu- 
tion as  a function  of  percent  of  groove  depth  would  provide  an  adequate 
representation  for  subsequent  analysis  of  bands  and  barrel. 

A typical  analysis  configuration  and  results  for  a sawtooth  rifling  configu- 
ration is  Illustrated  in  Figures  19  through  22.  The  specific  profile  illus- 
trated is  the  baseline  sawtooth  configuration  impressed  upon  the  Candidate  II 
hand.  The  Judgments  concerning  preferred  rifling  profile  configuration  were 
based  primarily  upon  evaluation  of  the  Von  Mises  equivalent  stress  ^eq  and  the 
shear  stress  (t)  levels  in  the  stress  fields  of  the  middle  torque  driving  face 
of  the  three-land  segment.  This  region  is  selected  to  avoid  the  effects  of 
imperfect  modeling  of  the  ends  of  the  band  segments.  Maximum  stress  levels 
Lyjlcally  occurred  in  the  band  region  adjacent  to  the  pressure-side  land  edge. 
In  addition,  the  maximum  ceq  and  shear  stress  Induced  at  the  band  interface 
were  evaluated  and  compared  for  varying  tooth  shape  parameters.  Figure  22 
shows  a tvpical  stress  plot  at  the  projectile  interface.  A similar  set  of 
FINK  code  plots  are  provided  for  the  baseline  modified  conventional  rilling 
configuration  and  Candidate  II  hand  in  Figures  23  through  2b. 
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Figure  21.  Equivalent  Stress  Contours  - Sawtooth 


, I ! I , >1 , . .V.  I IN  ■ Cm  I ■**'  Ij"| 

i o ot  o io  _ n°,  JSouri  I lursrm  siong  t»l 


CRH  8 riOOSRH  N:24  0 1 -?3«  M 0-043 

i n*  HOor  mess  >XI  *T  SHCM 

I 4)  RAOlftl  STiRIN  t *•  RR'INUN  Sl«Rl* 


I *1  rauilrRUNl  9TSCSS 


o’  «* 


1 igure 


Stress  Distribution  at  hand 


Fro  loo  t ilf  lntoi faoo 


21 


M. 


||H0»V\\Vm-\ . NV'Xfjj 


«p  « mw  — , » 5 S i W,  n S,  S,  SB  « - 

i 1 \ * < IWCHCS | t 

Typical  Mesh  Plot  - Modified  Conventional  Kit  liny, 


Qf^U-fl  COWVL  ft  ,2* 
CIMT  ih  K (P  UT 


w* 

1 

. C'OV 

J71 

t'f  • - *>f 

"*  1 9 %ftfc 

• 

Hi 

k 

i *" 

s 

t 

<4.0  000  lf'0  M O MO  ►*  o M-0  00-01  00  Jt 


QRU-B  COKlVL  N;2<)  0-1.22 
(CONlOUfl  OF  EOUllVRiCMT 


STRESS 


X UNCHESI 

Figure  25.  Equivalent  Stress  Contours  - Modified  Conventional 


CQNVL 


IBB  HUP  ITldJI 


m 1 

J 

f 

1 ... 

T 

j 

I 

J 

i 

i 

T 

1 

l 

— 

r 

t 

PIRNWT  DISTANCE  (INCHES!  AtONO  1.1 


Figure  2b.  Stress  Distribution  at  Band  - Projectile  Interface 


The  rifling  shape  parameters  and  the  range  over  which  these  parameters  were 
varied  in  this  study  are  as  follows.* 


Parameter 

Parameter  Range 

Current  GAU-8 

Number  of  Lands  and  Grooves 

18  to  26 

20 

Groove  Diameter 

1.226  to  1.240 

1.226 

Land  Width 

0.32  to  0.070 

0.080 

Root  Fillet  Radius 

0.020 

0.007 

Sawtooth  Groove  Radius 

0.14  to  0.20 

• — 

Figure  27  summarizes  the  results  of  the  band  stress  studies  for  the  sawtooth 
profiles  using  the  FINE  code.  In  general  it  can  be  stated  that  increasing 
the  number  of  lands  and  grooves  improves  the  circumferential  torque  loading 
distribution  in  the  bands  with  an  attending  reduction  in  stress  both  at  the 
barrel  interface  and  at  the  projectile  (band  seat)  interface.  Also,  an 
increase  in  groove  depth  reduces  the  per  unit  area  loading  on  the  driving 
face  and  tends  to  reduce  the  local  peak  equivalent  and  shear  stress  levels 
in  the  band.  Reasonable  variations  of  groove  radius  parameters  and  land 
width  parameters  were  found  to  have  very  minor  effects  on  band  stress  due 
to  torque  loads . 

Similar  but  less  extensive  analyses  were  done  for  the  modified  conventional 
rifling  which  were  then  compared  with  the  sawtooth  results  in  Figure  28.  It 
can  be  seen  that  a comparable  number  of  lands  and  groove  depth  results  in  a 
small  increase  in  the  computed  stress  levels  in  the  vicinity  of  the  engraved 
tooth  but  that  the  stress  levels  at  the  band  seat  are  essentially  unaffected. 
The  design  point  for  both  the  sawtooth  and  modified  conventional  rilling 
configurations  are  spotted  on  these  curves. 

Most  of  the  rifling  shape  parameters  were  explored  with  respect  to  their 
impact  on  band  stress.  Based  upon  prior  20mm  barrel  analysis  a conclusion 
was  reached  that  barrel  stress  would  be  minimized  for  configurations  which 
tend  toward  rectangular  grooves  and  have  minimum  land  width.  Limitations 
of  land  width  are  dictated  by  thermal  considerations  discussed  above.  The 
reason  for  the  reduced  stress  for  the  rectangular  groove  configuration  npppears 
to  be  that  the  narrower  land  root  of  the  modified  conventional  land  versus  the 
sawtooth  land  causes  less  displacement  of  the  hoop  stress  contours  into  the 
land  region  and,  therefore,  yields  less  stress  concentration  in  the  groove 
region.  This  can  be  readily  seen  in  comparing  the  hoop  stress  contours  for 
typical  sawtooth  and  modified  conventional  profiles  in  Figure  29. 
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Figure  27.  Summary  Stress  Trends 
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Figure  28,  Comparison  of  Band  Stress  Levels  Induced 
by  Modified  Conventional  and  Sawtooth 
Aifing  Prol iles  - Torque  Loading 
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LEGEND  d -23. 


Stress  Concentration  Comparison  of 
Modified  Conventional  * i f 1 i nj 


Studies  ot  barrel  stress  encompassed  the  cases  summarized  In  Tattle  I.  The 
cases  were  selected  to  explore  tin*  criticality  of  dltlerent  barrel  si  it  ions, 
the  effects  of  varying  the  number  of  lands  and  the  depth  of  groove,  and  to 
compare  the  stress  magnitudes  for  sawtooth  and  modi  tied  conventional  rifling 
profiles.  The  barrel  Internal  pressure  levels  used  were  as  derived  I tom  the 
representative  interior  ballistics  data  of  Appendix  A.  A peak  torque  loading 
distribution  on  the  lands  was  assumed  equal  to  that  shown  in  Figure  lb  tor 
one  comparative  case  to  ascertain  the  magnitude  ol  the  torque  pressure  ettect. 
Comparisons  were  made  of  maximum  equivalent  stress  at  the  point  ol  maximum 
concentration  on  the  bore  surface  and  at  a radial  distance  o t 0.742  Inch 
from  the  bore  centerline  or  about  mid-wall  thickness  at  barrel  station  ’ ' 0 
These  comparisons  were  made  by  ext rapolat lon/interpolut ion  ot  radial  stress 
plots  for  each  configuration.  The  trend  data  are  surnmar l zed  In  Figure  '8 
The  equivalent  stress  differences  induced  by  the  shape  change  variations  In 
the  sawtooth  profiles  are  seen  to  he  of  the  order  of  *2  percent  both  it 
the  bore  surface  and  at  the  0.742  inch  radial  local  ion  at  station  .M.ll. 

The  difference  in  stress  levels  tot  the  modified  convent  Iona  1 configuration 
versus  the  sawtooth  Is  seen  to  ho  approximately  12  percent  and  there  li  verv 
little  difference  In  bore  stress  levels  for  the  small  variations  In  groove 
diameter  and  land  width  explored  with  the  modliied  conventional  configuration 

The  very  conservative  model  of  superimposing  a torque  pressure  equivalent 
to  that  Induced  on  the  band  is  shown  to  increase  the  peak  equivalent  stiess 
In  the  bore  by  about  3 percent.  This  model  is  extremely  conservative  because 
the  torque  loading  is  very  local  (i.o.,  over  the  length  ot  the  baud)  whereas 
the  plane  strain  barrel  analysis  assumes  the  torque  load  is  continuous  over 
the  length  of  the  barrel.  Knd  effects  will  significantly  reduce  the  st t 
increment  from  that  computed, 

The  barrel  analysis  lead  to  the  following  observations: 

• Reasonable  variations  ot  conf lgurat tons  ot  a given  rifling 
design  have  negligible  Impact  on  computed  stress  levels  (excluding 
sharp  root  fillet*).  The  trend  is  thot  reducing  the  groove 
diameter  decreases  stress  slightly  and  reducing  the  width  ol 

the  land  at  constant  groove  dl.imotor  also  \ folds  a mlnot  t educ- 
tion of  peak  stress. 

• The  mod  conventional  configuration  exhibits  somewhat  lows i bon 
stress  levels  because  of  the  reduced  stress  concent  t it  ion  at  t In- 
groove  crest. 

2.3.4  RKCOMMKNDKP  RIFT. INC.  PROFU.KS 

This  study  resulted  in  detliiilion  of  rifling  and  i it  ling  iwtst  configurations 
for  tlie  test  barrels  shown  in  Table  4.  The  specific  land  amt  groovi  contours 
are  illustrated  in  Figure  6. 
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TABLE  3.  BARREL  STRESS  ANALYSIS  CASES 
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TABLE  4.  RIFLING  PROFILES 


Sawtooth 

Mod- 

Conventional 

Existing 

GA1I-8 

Number  of  Grooves 

24 

24 

20 

Groove  Diameter 

1.234 

1.232 

1.226 

Mean  Bore  Diameter 

1.210 

1.212 

1.208 

Land  Width 

0.  M3 

0.053 

0.080 

SECTION  111 


BARREL  FABRICATION 


3.1  BARREL  MATERIAL 

Standard  GAU-8  production  barrel  blanks  (forged,  hear  treated,  gun  drilled, 
and  rough  machined)  were  purchased  from  Maremont  Corp.  The  Intent  was  to 
produce  four  deliverable  barrels  such  that  only  the  rifling  would  differ 
from  standard  production,  thereby  providing  the  Air  Force  with  an  oppor- 
tunity to  subsequently  obtain  unbiased  test  data  on  rilling  effects. 

The  barrel  blanks  and  subsequent  processing  were  in  accordance  with 
DWG  201F158,  "Barrel,  Gun,  30mm,"  General  Electric,  dated  10/31/73  and 
revised  b/ 29/76. 

3.2  RIFLING 

The  barrel  blanks  were  rifled  at  Aeronutronic  utilizing  a technique  of 
broaching  two  grooves  simultaneously.  A sine  bar  and  rifling  cutters  were 
fabricated  to  produce  the  twist  and  groove  shapes  specified  in  Figures  5 
and  6.  Two  barrels  of  each  configuration  were  rifled.  No  difficulty  was 
encountered  in  tilling  either  groove  shape. 

3.3  MACHINING  AND  FINISHING 

The  rifled  barrel  blanks  were  shipped  to  Maremont  tot  chambering,  chrome 
plating  and  finish  machining.  The  barrels  were  phosphate  coated  and  proof 
tost  fired  in  accordance  with  the  aforementioned  GAli-8  drawing.  lhc  approach 
was  to  dovetail  these  barrels  into  a GAll-8  barrel  production  run  to  assure 
that  no  process  variations  occurred.  Finally  the  barrels  were  proof  test 
tired  and  shipped  to  Aeronutronic  where  a spot  check  ot  critical  dimensions 
was  performed.  lit  addition,  full-length  RTV  silicone  rubber  replicas  were 
made  to  provide  a permanent  record  of  bore  dimensions.  The  tour  barrels 
(Figure  31)  were  shipped  to  Fglin  AFB  in  March,  1976. 


gure  31.  GAU-8  Gun  Barrels  Delivered  to  Eglin 


SECTION  IV 


CONCLUSIONS  AND  RECOMMENDATIONS 


Based  on  the  design,  analysis,  and  fabrication  efforts  described  above,  the 
following  conclusions  and  recommendations  were  drawn: 

(1)  Rotating  band  stress  can  be  significantly  reduced  by  gain  twist 
rifling  as  compared  to  constant  twist. 

(2)  Increasing  the  number  of  lands  and  grooves  reduces  the  rotating 
band  stress.  Minor  variations  in  configuration  of  a given  design 
(with  the  exception  of  sharp  root  fillets)  have  negligible  impact 
on  computed  stress  levels. 

(3)  Sawtooth  and  modified  conventional  rifling  configurations  can 
be  successfully  broached  with  no  apparent  differences  in  cost 
or  resulting  quality. 

(4)  The  validity  of  the  design  and  analysis  efforts  expended  on  this 
contract  can  best  be  proven  by  Identically  test  firing  the  delivera- 
ble barrels  and  production  GAU-8  barrels  in  a multishot  mode. 
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APPENDIX  A 

C.AU-8  BALLISTIC  DATA 
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